Fructans are important in the survival of plants and also valuable for humans as potentially health promoting food ingredients. In this study fructan content and composition were determined in grains of 20 barley breeding lines and cultivars with a wide variation in chemical composition, morphology and country of origin, grown at one site in Chile. There was significant genotypic variation in grain fructan content ranging from 0.9% to 4.2% of grain dry weight. Fructan degree of polymerisation (DP) was analysed using high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Changes in the distribution of different chain lengths and the pattern of structures of fructan were detected with increasing amount of fructan in the different barleys. A positive correlation was found between fructan content and the relative amount of long chain fructan (DP > 9) (r = 0.54, p = 0.021). Our results provide a basis for selecting promising barley lines and cultivars for further research on fructan in barley breeding with the aim to produce healthy food products.
Introduction
Fructan and fructooligosaccharides (degree of polymerisation (DP) 3 -9) (hereafter referred to as fructan) are fructose polymers or oligomers containing a terminal sucrose that are accumulated by plants including the temperate cereal species wheat (Triticum aestivum L.), rye and barley (Hordeum vulgare L.) as an easily mobilized storage carbohydrate. According to the classification by glycosidic linkages barley contains graminan (branched)-type fructan with both β-(2-1) and β- (2) (3) (4) (5) (6) linkages (Roberfroid, 2005) . In graminans branches can be linked to any fructosyl residue and even the glucosyl residue may be attached to a fructosyl chain [1] . The initial trisaccharides of branched fructan in barley that are elongated through fructan synthesis are 1-kestose (1-kestotriose) and 6-kestose (6-kestotriose) [2] . Linkage structure of fructan were described to shift toward a higher ratio of (2-6) linkages after longer periods of accumulation as opposed to the abundance of (2-1) linkages in oligomers formed during early induction of synthesis in wheat [3] .
The DP of plant fructan ranges from three to more than 200 [1] . However, in most plants fructan is small and the DP does not exceed 50 -60 fructosyl residues [4] [5] . In wheat milling fractions, Haskå et al. [6] described a DP up to 19.
Wagner et al. [7] reported that fructan accumulates in the vacuoles in cells of barley and acts as a carbon sink within the cell to facilitate photosynthesis when the conditions are restricting transport or growth. Fructan reserves are remobilized and transported to the reproductive tissue during grain filling and to the vegetative tissues during periods of growth [8] .
The total fructan content has been shown to be between 3.6% -6.6% of dry weight in wholegrain rye (Secale cereale L.) flour [9] [10]; 1.6% and 2.1% in barley flour [11] [12], and 2.2% in triticale [13] . A wide genotypic variation of fructan content, from 0.7% to 2.9% of grain dry weight, was reported in wheat by Huynh et al. [11] and from 0.8% -1.9% by Andersson et al. [14] .
Fructan has been described as acting as a dietary fiber that has prebiotic effects, reduces cholesterol and enhances absorption of minerals such as calcium and magnesium [1] [15] [16] . In inulin-type fructan the bifidogenic effect was found to be independent of chain length and there was no definite correlation between amount consumed and response [17] . On the other hand, Nilsson & Nyman [18] reported that the DP and solubility affect the short-chain fatty acid formation in the process of colonic fermentation and therefore can be used for different health effects when designing foods. It has also been shown that fructan with DP 5 -15 from barley grain produces more propionate than oligofructose from chicory root (DP up to 5) during in vitro fermentation [19] . When the same samples were fed to rats at 5% of the diets, fructan from barley and oligofructose from chicory root produced similar large bowel fermentation patterns with higher cecal digesta weights, increased production of short-chain fatty acids and lower pH compared to the control group without fructan or oligofructose [20] .
There is an increasing interest in using barley in cereal-based food products [21] due to positive health effects regarding soluble dietary fibre, mainly β-glucan, and the possible promoting health effects of fructan. Considering fructan, not many studies have been performed on barley. It is therefore important to identify genotypic variation in fructan content and chain length in different barley lines and cultivars, which might facilitate breeding for this trait and development of health food products.
In the present study, fructan content and DP have been examined in grains of barley comparing 20 different cultivars and genotypes. Correlations between fructan content and degree of polymerisation were also investigated.
Experimental

Plant Materials
Grains from 20 spring barley breeding lines and cultivars were used in the experiment. The experimental plots were grown in Vilcun, Chile, planted in November 2008 and harvested in February 2009. The 20 barley lines and cultivars analysed was known to vary widely in morphology and country of origin and were obtained from the Nordic Gene Bank (NGB) of the Nordic Genetic Resource Center, Sweden; The Royal Veterinary and Agricultural University (KVL), Denmark; The Swedish University of Agricultural Sciences (SLU), Sweden; and SW Seed, Svalöf Weibull AB, Sweden ( Table 1) .
Flours were obtained by milling 20 g of each sample using a Cyclotec TM 1093 mill with a 0.5 mm screen (Foss, Höganäs, Sweden).
Analysis of Fructan Content
All samples were analysed in duplicate. Dry matter was determined by drying the samples at 105˚C for 16 h ac- cording to AACC method 44-15A [22] . Fructan content was measured according to the enzymatic/spectrophotometric AOAC method 999.03 [23] using the enzyme assay kit K-FRUC (Megazyme, Bray, Ireland). Raffinose family oligosaccharides were corrected for by treatment with α-galactosidase from Aspergillus niger E-AGLAN (Megazyme, Bray, Ireland) before degradation of starch, maltosaccharides and sucrose, as described in the kit. The difference between duplicate samples was <10%.
Determination of Fructan Composition with High-Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD)
A technique developed by Haskå et al. [6] has been used to characterise the distribution of fructan oligomers. Duplicate samples of 200 mg barley flour were weighed into a glass tube together with 200 µl of lactose internal standard (2 mg/ml lactose in water, Sigma, Steinheim, Germany) and 4 ml of 80% ethanol. The sample was capped and extracted in a water bath maintained at 100˚C for 1 h with occasional mixing, ensuring that no ethanol evaporated during the extraction. The tube was cooled to room temperature and centrifuged at 1000 g for 10 min. 0.5 ml of supernatant was transferred to a separate test tube and the solvent removed by drying under vacuum by Speed-Vac (Savant Co., Farmingdale, NY, USA). Next, 2.5 ml of 0.1 M sodium acetate buffer (pH 5.0) was added and maltodextrins were degraded by adding 50 µl of amyloglucosidase (soluble starch 326 U/ml, E-AMGDF, Megazyme, Bray, Ireland) and incubating for 4 h at 60˚C with frequent stirring using a vortex mixer.
The tube was cooled to room temperature and to ensure identification of fructan, 1 ml aliquot of the amyloglucosidase-treated solution was transferred to another glass tube and treated with 25 µl of fructanase mixture E-FRMXLQ (exo-inulinase 2000 U/ml and endo-inulinase 200 U/ml, Megazyme, Bray, Ireland) for 1 h at 40˚C. Both fructanase-treated and non-treated samples were filtered through Titan2 ® HPLC syringe filters (17 mm, 0.45 µm Sun Sri, Wilmington (NC), USA). The filtrates were analysed using a Dionex DX 500 Chromatography System (Sunnyvale, CA, USA) equipped with GP 40 gradient pump. Elution gradient was performed according to the method described by Rakha et al. [24] . Chromatography was carried out with a CarboPac™ PA-1 (4 × 250 mm, P/N 35391) anion-exchange column pre-fitted with a CarboPac™ PA-1 Guard Column (P/N 43096). Detection was carried out by an ED40 pulsed amperometric detector. The area of fructan peaks on the HPAEC-PAD chromatograms was calculated using the MATLAB software by subtracting the area under the peaks of the fructanase treated chromatogram from the area under the corresponding peaks of the fructanase untreated samples. The relative percentage distributions of different DP ranges were calculated based on the area under the peaks after subtraction.
Statistical Analysis
Analysis of variance (ANOVA) and correlation analyses was carried out using MINITAB (Minitab Inc. release 15.1.1.0) statistical software. Results were considered significantly different at p < 0.05. All results are presented on a dry weight basis (dwb).
Results and Discussion
Content of Fructan
Fructan analysis showed large variation in the grain fructan content among the 20 barley genotypes ( Table 1 and Figure 1 ). Fructan concentrations ranged between 0.9% and 4.2% of grain dry weight resulting in a nearly 5 fold (4.9) difference between the highest and the lowest measured fructan content. In the analysis carried out by Huynh et al. [11] the barley variety "Sloop" contained 1.6% (dwb) fructan, which is lower than the average content of 2.0% in our results, while the 2.1% in the barley variety "Trumpf" reported by Vietor et al. [26] is slightly higher. Figure 2 shows HPAEC-PAD chromatograms of fructan oligomers with various degrees of polymerisation and linkage structures in grains of the 20 barleys. The highest DP counted from fructan peaks on the HPAEC-PAD chromatograms was 19 -20, which was in agreement with findings in wheat described by Haskå et al. [6] . Iden- tification of single and multiple peaks belonging to fructan oligomers has been presented earlier [3] [6] [27] . In the present study ranges of DP were identified between DP 3 -4, DP 5 -9, DP 10 -15 and DP > 15, to aid the comparison of fructan profiles in our 20 barleys. According to changes in the size, number and ratio of fructan peaks with different DPs, or same DPs but different linkage structure, six separate profiles could be detected on the chromatograms (Figure 2) . The differences in the profiles display the change in the size and structure of fructan with the increasing levels of accumulation in the grain. The amount of higher DP fructan seems to increase with the increasing fructan content. The ratio of peaks inside multiple overlapping peaks belonging to fructan oligomers with same DPs but different linkage structure is changing with higher levels of fructan concentration. This is in agreement with earlier studies [3] [27] which reported that after longer periods of accumulation wheat fructan had a higher ratio of (2-6)-linkages as opposed to the abundance of (2-1)-linkages in oligomers formed during early induction of synthesis. Roth et al. [28] analysed barley leaf by anion-exchange HPLC analysis and showed that isokestose (1-kestose) had a shorted retention time than kestose (6-kestose) which has the same DP but (2-6)-linkages; and nystose ((2-1)-linked) was detected earlier than bifurcose which contains (2-6)-linkages, though these two peaks overlap, and has the same DP.
Characterisation of Fructan Profiles
Relative Distribution of Barley Fructan with Different Degrees of Polymerisation
The relative distribution of fructan DP was characterised by calculating the area of fructan peaks in the HPAEC-PAD chromatograms corrected for fructanase treated background (Figure 2) . The relative distribution of fructan DP in the different breeding lines and cultivars showed the same wide variation that was observed in fructan content (Figure 3 ). 1.6% -8.4% of the fructan molecules had DP > 15 and 9.6% -23.3% had DP 10 -15 (5.2 and 2.4 fold difference, respectively). The majority of the molecules had a DP < 10, with a variation between 68.3% -87.9% in the different barley lines and cultivars ( Table 1) . This is an interesting contradiction compared to the findings in rye flour where almost 50% of the molecules had DP > 9, and almost 20% showed a high degree of polymerisation (DP > 15) [24] , indicating different distribution of fructan chain length in barley and rye.
Correlations of Fructan Content and Degree of Polymerisation
Analysis of correlation was carried out on the results of 20 barley lines and cultivars to examine the relationship between content and DP of fructan and plant developmental traits.
Significant correlation (p = 0.021; r = 0.53) was found between grain fructan content and the proportion of long chain fructan polymers (DP > 9) (Figure 4) . This positive correlation was already indicated by the fructan chromatogram profiles (Figure 2) , where in the course of accumulation of fructan the amount of higher DP fructan increased with the growing fructan content. This has also been shown in wheat, where the DP of watersoluble carbohydrates (mainly fructan) was higher in samples with high contents, while the higher DP components (>6) decreased in samples with lower water-soluble carbohydrate contents [29] . The relative amount of short chain fructan (DP 3 -4) was negatively correlated to long-chain fructan (DP > 9) and the DP 5 -9 fructan fraction (p < 0.0001; r = -0.77 and p < 0.0001; r = -0.79, respectively). Short-chain fructan (DP 3 -4) was probably replaced by longer chain fructan when the amount of total fructan increases.
Conclusion
The results presented in this work provide new information regarding the significant variation of fructan concentration that was observed in grains of the different genotypic lines and cultivars of barley. This information may be useful in the future for selecting barley lines and cultivars as raw material in healthy food products. In this study it was shown that with increasing content of fructan in the different barleys, the distribution of different chain lengths and probably the relative amount of branching in fructan changes, possibly due to the change in the ratio of (2-1)-and (2-6)-linkages (Carpita et al., 1991; Bancal et al., 1992; Roth et al., 1997) . Positive correlation was found between the fructan content in barley and the proportion of long chain fructan polymers (DP > 9), which may be important when selecting barley cultivars to be used for food products due to the possible health promoting effects. Faculty of Natural Resources and Agricultural Sciences, SLU; and Lantmännen AB is gratefully acknowledged. Therese Christerson and Eivor Svensson at Lantmännen SW Seed, Sweden, are acknowledged for supplying the barley grains.
